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Lymphocyte homing to lymph nodes and Peyer^s 
patches is mediated^ in part, by adhesive interactions 
between L-selectin expressed by lymphocytes and h-ae* 
lectin ligands displayed at the surface of the cuboidal 
endothelial cells lining the post-capiUaty venules within 
Ijrmphoid aggregates. Candidate terminal oligosaccha- 
ride structures thought to be essential for effective JL- 
selectin Ugand activity include a sulfated derivative of 
the sialyl Lewis x tetrasaccharide. Cell type-specific syn- 
thesis of this oligosaccharide is presumed to require one 
or more a(ly3)fuco8y]tranBferases, operating upon com- 
mon S'-sialylated and/or sulfated iV-acetyllactosamine- 
type precursors. The identity of the or(l^)fiicosyltrans- 
ferase{s) expressed in cells that bear L-selectin ligands 
has not been defined. We report here the molecular clon- 
ing and characterization of a murine a<l,3)fuco8yltrans- 
ferase locus whose expression pattern correlates with 
expression of high a£&nity ligands for L-selectin. In bUu 
hybridization and inununohistochemical analyses dem- 
onstrate that this cDNA and its cognate a(l^)facosyl- 
transferase are expressed in endothelial cells linii^ the 
hi^ endothelial venules of peripheral lymph nodes, 
mesenteric lymph nodes, and Peyer^s patches. These ex- 
pression patterns correlate precisely with the expres- 
sion pattern of L-selectin ligands identified with a chi- 
meric L-selectin/IgM immonohistochemical probe and 
by the high endothelial venule-reactive monoclonal an- 
tibody MECA-79. Transcripts corresponding to this 
cDNA are also detected in isolated bone marrow cells, a 
soiuve rich in the siirface-localized ligands for E- and 
P-selectins. Sequence and functional analyses Indicate 
that this murine enzyme corresponds to the human Fuo 
TVU locus. These observations suggest that Fuc-TVn 
participates in the generation of a(l,3)fucosylated li- 
gands for L-selectin and provide further evidence for a 
role for this enzyme in E- and P-selectin ligand expres- 
sion in leukocytes. 
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Cell adhesion events between leiikocytea and endothelial 
cells operate to facilitate the exit of blood leukocytes from the 
vascular tree. The selectin family of cell adhesion molecules 
and their counter-receptors fimcUon early in this process, me- 
dia&g transient adhesive contacts between leukocytes and the 
endotheUal cell monolayer. These selectia-dependent adhesive 
contacts, together with shear forces impinging upon the leuko- 
cyte, cause the leukocyte to *roll" along the endothelial mono- 
layer. Leukocyte rolling, in turn, facihtates subsequent events 
that include leukocyte activation, firm leukocyte-endothelial 
cell attachment, and tran&endo|thehal migration (1, 2). 

E- and P-selectins, expressed by activated vascular endothe- 
lial cells, rect^nize glycoprotein counter-receptors displayed by 
leukocytes. Each of these selectins can operate to mediate 
leukocyte rolling in the context of inflammation. L-selectin has 
also been implicated in mediating leukocyte adhesion to acti- 
vated vascular endothelium through interactions with an as 
yet poorly understood endothelial cell ligand (3, 4). By contrast, 
lymphocyte L-selectin recognizes glycoprotein counter-recep- 
tors displayed by specialized cuboidal endothelial cells that line 
bi^ endothelial venules (HEV)^ within lymph nodes and 
Beyer's patches. L-aelectin-dependent adhesive interactions in 
this context operate to fadhtate trafficking of lymphocytes 
(lymphocyte lioming^) to such lymphoid aggregates. 

The NHs-terminal C-type mammalian lectin domain com- 
mon to each of the three selectin family members mediates cell 
adhesion through caldum-dependent interactions with specific 
oligosaccharide ligands, displayed by leukocytes (E- and P- 
selectin ligands) (2, 5) or by HEV (L-selectin) (6). Physiological 
ligand activity for E- and P-eelectins is critically dependent 
on the expression of a nonreducing terminal tetrasaccharide 
termed sialyl Lewis x (sLe*) CNeuNAca2,3Gal^l,4 (Pucal,3)- 
GlcNAc-Rl (5) and/or its difucos^ted variant (7). However, E- 
and P-selectins recognize this oligosaccharide in different con- 
texts. P-selectin-dependent cell adhesion is optimal when sLe' 
is displayed by serine and threonine-Hnked oligosaccharides 
residing on a specific protein termed P-selectin glycoprotein 
ligand 1 (PSGL-1) (8, 9). sLe*-modified P-selectin glycoprotein 
ligand 1 also appears to represent a high affinity counter- 
receptor for E-selectin (10, 11). A distinct leukocyte glycopro- 
tein termed E-selectin Ugand 1 (ESL-1) (12) and its a(l,3>fuco- 
sylated, asparagine-linked oligosaccharides may also function 
as an E-selectin cotmter-receptor. 

Physiological L-selectin counter-receptors on HEV are rep- 



*■ The abbreviations used are: HEV. hi^ endothelial venuleCs); sLe", 
sialjd l^wis x tetrasaccharide; CHO, Chinese hamster ovary; PGR, 
polymerase chain reaction; PBS. phosphate-buffered saline; FTTC. flu- 
orescein isothiocyanate. 
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resented by the glycoproteins GlyCAM-1 (13). CD34 (14), and 
MAdCAM-1 (15). Biochemical studies indicate that L-selecUn 
ligand activity of these molecules is also critically dependent 
upon post-translational modification by glycosylation. Early 
studies dociunented a requirement for sialylation and sulfation 
(16), implied a requirement for oKl,3)fucosylation, and indi- 
cated that these modifications are components of serine- and/or 
threonine-linked glycans. More recent oligosaccharide 
struchiral analyses extend this work and imply that high af- 
finity L-selectin ligand activity may depend upon a sulfated 
variant of the sLe* determinant, NeuNAca2,3(S046) 
Gal01,4(Fucal,3X^lcNAc-R (17-19). 

Expression of sLe^ is determined by cell lineage-specific ex- 
pression of one or more or(l,3)fucosylt3'ansferases (20). These 
enzymes utilize the donor substrate GDP-fucose and catalyze a 
transglycosylation reaction involving the addition of al,3- 
linked fucose to a common 3 '-sialyl Macetyl-lactosamine pre- 
cursor. It can be presumed that expression of the sulfated 
variant of sLe* also depends upon lineage-specific expression of 
ar(l,3)fucosyltransferase activities operating on sulfate-modi- 
iied 3'-sialyl N-acetyl-lactosamine precursors or that create 
sLe^ moieties modified siibsequently by sulfation. 

I^e identity of the a(l,3)iucosyltransfera£e(s) responsible for 
selectin ligand expression in leukocytes is not well defined, and 
HEV-specific a(l,3)£ucosyltransferases have not been de- 
scribed. To date, five different hujnan a(l,3)fucosyltTan&feraaes 
have been cloned (21-28). Northern blot and molecular cloning 
analyses imply that two of these, termed Fuc-TIV (24-26) and 
Fuc-TVII (27, 28), are expressed in leukocytic cells and repre- 
sent candidates for critical participation in selectin ligand ex- 
pression. The role of Fuc-TIV (also known aa ELAJM-1 ligand 
fucosyl transferase) in this process is not clear, however. Al- 
though Fuc-TIV/ELAM-1 ligand fucosyl transferase is able to 
efUdently utilize nonsialylated iV-acetyl-lactosamine precur- 
sors to direct expression of the Le^ moiety (24, 26), this enzyme 
cannot determine sLe" expression in all cellular contexts (29), 
and its ability to do so in leukocytes or in leukocyte progenitors 
has not been demonstrated. By contrast, Fuc-TVH is appar- 
ently able to determine sLe" expression in all mammalian 
cellular contexts examined, where sLe* synthesis is biochemi- 
cally possible (27, 28). Neither enzyme has been tested for its 
ability to participate in the synthesis of L-selectin Uganda 
represented by sulfated sLe^ determinants. 

We report here the isolation and characterization of murine 
cDNAs and genomic sequences encoding an a(l,3)fuco8yltrans- 
ferase with primary sequence similarity and catalytic proper- 
ties analogous to those assigned to the human Fuc-TVn 
oc(l,3)fucosyltransferase (27, 28). This murine locus generates 
alternatively spliced transcripts that differ in tteir respective 
abilities to encode £t(l,3)ftioosyltransferase activity. Expression 
of this locus is restricted largely to E- and P-selectin ligand-rich 
bone marrow cells (30), where it may participate in the synthe- 
sis of these ligands. Transcripts derived from the Fuc-TVU 
locus and the corresponding a(l,3)fuoosyltransferase accumu- 
late to substantial levels in the endothehal cells lining the HEV 
of peripheral and mesenteric lymph nodes and of Peyer's 
patches. The localized and abimdant expression of this 
oc(l,3)fucosyltransferaBe in HEV, when considered together 
with the a(l,3)facosylated oligosaccharides proposed as HEV 
ligands for L-selectin, imply a key role for this enzyme in the 
biosynthesis of L-selectin ligands. 

EXPERIMENTAL PROCEDURES 
Cell Cuiture^The sources and growth coDditions for COS-7 cells 
(3 1), CHO-Tag celb (32), aod cultured murine blood ceU lines (B cell line 
S107 (33)); T cell line EL4 (34); B cell hybridoma line TH2.54.63 (36); B 
cell hybridoma line 180.1 (38); Friend murine erythroleukemia coU line 
MEL (37, 38); macrophage ceD line RAW264.7 (39. 40); macrophage cell 



line P388Di (41); and the cytotoxic T-cell line 14-7fd (42, 43). 

Antibodies — The sources of the monoclonal antibodies used her« 
have been described previously (anti-Lewis x/anti-SSEA-l (44); anti-H 
and anti-Lewis a (31); anti-sialyl Lewis it/CSLEX. (45); anti-sialyl Lewie 
a (46); anti-VIM-2 antibody (47); and {luorescein-conjugated goat anti* 
mouse IgM and IgO antibodies; Sigma). MECA-79 (48) was the gener- 
ous gift of Drs. Louis Picker and Eugene Butcher (Stanford University). 

cDNA Cloning—MoMae Fuc-TVU cDNAs were isolated fTx>m a cDNA 
library constructed troxn the mouse cytotoxic T cell line 14-7fd (32), 
using colony hybridization procedures (49) and a segment of the naousc 
Puc-TVII gene (see Pig. 2) corresponding to nucleotides 2063-2285. 

Murine Genomic Library Scree/iu^g— Approximately 1,0 X 10^ re- 
combinant lambda phage from a genomic libraiy prepared Grom mouse 
3T3 cell DNA (Stratagene) were screened by plaque hybridization using 
a 324-base pair segment of the human Fuc-lTEI gene (nucleotides 571- 
894) and low stringency hybridization procedures described previously 
(31, 50). DNA from a phage with a unique restriction pattern was 
digested with SacI, and a 2.6-kUobase pair fragment that cross-hybrid- 
ized with the human Fuc-TUI probe was gel purified and cloned into the 
SocI site of pTZl9R (Pharmacia Biotech Inc.), A representative sub- 
done containing a single insert was designated pMFuc-TVn. The DNA 
sequence of the 2.6-kilobase pair insert was determined by the dideoxy 
chain termination method (SI) using T7 DNA polymerase (Sequenase, 
U. S. Biochemical Corp.), and oligonucleotide primers were synthesized 
according to flanking pla&mid sequences. Sequence data were used to 
design additional synthetic primers, which were then utilized to se- 
quence the remaining portion of the Sacl insert in pMFuc-TVII. Se- 
quence analysis was performed using the sequence analysis software 
package of the University of Wisconsin Genetics Computer Group (52) 
and the MacVector version of the IBI Pustell Sequezue Analysis Soft- 
ware package (IBD. Sequence jalignments were assembled with the Gap 
function of the Genetics Computer Group package. 

Transfection and Analyti9 of 008-7 Cells and CHO-Tag CelU— 
COSr-7 cells were transfected with various Fuc-TVU expression vectors 
using a D£A£-dextran transfection procedure previously described (21 , 
49). CHO-Tag cells were transfected witii plasmid DNAs using a lipo- 
same-based reagent (A^-(2,3-dioleoyloxy)propyl]-N,A^^-trimethylam- 
monium methylsulfate, Boehringer Mannheim) as modified previously 
(32X 

Transiently transfected were harvested 72 h after transfection 
and were stained with monoclonal antibodies diluted in staining me- 
dium as described previously (22). Anti-Lewis a, anti-H, and anti-aiaJyl 
Lewis X antibodies were used at 10 ixe/xBiL Anti-Lewis x was used at a 
dilution of 1:1000. Anti-sialyl Lewis a was used at a dilution of 1:G00. 
Anti-VIM-2 antibody was used at a dilution of 1:200. Cells were then 
stained with fluorescein isothiocysnate (FTTQ-conjugated goat anti- 
mouse IgM or anti-mouse IgG and subjected to analysis on a FACScan 
(Becton-Dickinson) as described previously (22). Cells were also co- 
transfecUd with the plasmid pCDM8-CAT (32), and extracts prepared 
from these cells were subjected to chloramphenicol acetyltransferase 
activity assays (32) to allow for iNFrmaHzation of flow cytometry and 
Western blot data to transfection eflidency. 

Fucosyltransferase Assays — COS-7 cells transiently transfected with 
Fuc-TVU expression vectors were harvested 72 h after transfection, and 
extracts were prepared from these cells exactly as described previously 
(21, 23). These extracts were subjected to a<l,3)fucosyltrBnsferase as- 
says (22) assembled in a total volume of 20 ^1- Reaction mixtures 
contained 3 GDP-["C}fucose, 20 mM acceptor (//-acetyllactoeaimne, 
lactose, lacto-7/-biose I, 2'-fuooByIlactoae (Sigma), or 3' sialyl 
^-acetyllactosamine (Oxford Glycasy8tems)X 50 mM cacodylate buffer, 
pH 6.2. 5 mM ATP, 10 mH L-fucose, 16 mM MnCl,, and a quantity of call 
extract protein stiffident to yield approximately linear reaction condi- 
tions (consumption of less than 15% of the GDP-fucose substrate) dur- 
ing the co\irse of the reaction (1 h). Control reactions were prepared by 
omitting the acceptor in the reaction mixture, and vahies obtained with 
these reactions were subtracted from the corresponding acceptor-re- 
plete reaction. This badiground radioactivity reprodudbly cepreeented 
less than 1% of the total radioactivity in the assays and corresponds to 
free I**C]fucose present in the GDP-f *X3]fuco8e as obtained from the 
manufacturer. Identical enzyme preparations were used in assays for 
the determination of enzyme activity with diSerent acceptor subetratea. 

Reactions containing neutral Boceptors (N-aoetyllactoeamine, lac- 
tose, lactoW-biose 1, 2'*fucoQy]lactose, all from Stgma).were terminated 
by the addition of 20 ;il of ethanol and 560 fil of water. Samples wer« 
centrifuged at 16,000 x g for 5 min and a 60-;a aliquot was subjected to 
sctntiHation counting to determine the total az^ount of radioactivity in 
the reaction. An aliquot of 200 td was applied to a column containing 
400 m1 of Dowex 1 x 2-400, foimate form (21. 23). "nie column was 



8252 Mouse Fuc-TVII Expressed ii 

washed with 2 ml of water, and the radioactive reacUon product not 
retained by the column was quautitated by scintillation counting. Re- 
actions with the acceptor Neu//Aca2->3Gal^^-^GlcNAc (Oxford Gly- 
cosystems. Inc.) were terminated by adding 980 of 5,0 mM sodium 
phosphate buflFer, pH 6,8. Samples were then centrifuged at 16.000 x g 
for 5 min, and a 500-fd aliquot was applied onto a Bowex 1 X 8-200 
• column (1 ml) prepared in the phosphate form. The reaction product 
was collected and quantitated as described previously (22). 

GenerxUion of Rabbit Anti-Fuc-TVlI Anfifrody— PGR was used to 
amplify a aegment of the murine Fuc-TVU gene corresponding to the 
enzyme's "stem* and catalytic domains (53), using PGR primers corre- 
sponding to base pairs 2194-2224 and 3063-3085 (Pig. 2, 5' primer, 
gcgcggatccCACCATCCTTATCTCGCACTGGCCTTTCACC, and 3' 
prinwrgcgc ggatccA GTrCAAGCCTGGAACCAGCTTTCA^ 
BamHl sites are underlined). PGR was completed using 20 rounds of 
amplification consisting of a l.S-min 94 *C denaturation step and a 
2.0-mln 72 ^G annealing/extension step. The PGR product was subse- 
quently cloned into the BcmHI site of the T7 Escherichia coU expression 
vector pET-3b (54). The insert in one done (termed pET-3b-Fuc-TVIls- 
tem/cat) containing a single insert in the correct orientation was se- 
quenced to confirm that no errors were introduced during DNA ampli- 
fication. The recombinant Fuc-TVU fusion protein was produced by 
inducing mid-log phase E. coli (BL21 Lys S) carrying pET-3b-Fuc- 
TVIIstem/cat with 0.4 mM IPTG for 3 h (50, 64). The bacteria were 
subsequently harvested and lysed by freezing and then thawing the 
bacterial suspension. Bacterial genomic DNA was sheared by sonica- 
tion, followed by separation of soluble and insoluble material by cen> 
trifugation. The Fuc-TVU protein was found in the insoluble fraction, as 
determined by SDS-pdyacrylamide electrophoresis (55). 

Recombinant E. co/i-derived Fuc-TVII was fi^ctionated by SDS-poly- 
aorylamide gel electrophoresis^ and s^ments of the gel containing 
Puc-TVIl were excised and used subsequently as antigen for rabbit 
immunizations. Rabbit immunization services were purchased (Pel- 
Freeze Biologicala, Rogers, AR). Each of three rabbits were initially 
immunized subcutaneously with a total of approximately 200 /ig of 
Fuc-TVn in pulverized polyacrylamide gel slices mixed with complete 
Freund's adjuvant Subsequent immunizations were completed in an 
essentially identical manner at 14-day intervals, except that antigen 
was administered in incomplete Freund's adjuvant. Antisera were har- 
vested 10 days following the last of a total of approximately six second- 
ary immunizations. 

Antigen Affinity Purification of Anti-Puc-TVII Antibody—The insert 
in pET-3b-Fuc-TVIl8tein/cat was released by digestion with BamHl and 
was cloned between the BamHl sites in the E. coli expression vector 
pATHlO (56) to yield a fiision protein derived firom the E. coli anthra- 
nUate synthase sequence, fused in firame to Fuc-TVII sequence. This 
recombinant fusion protein was expressed in E. coli strain DH5a (in- 
duction for 6 h with 0.0125% indoleacrylic acid in MS medium). The 
bacteria were harvested, washed, and disrupted by treating with ly- 
sozyme (3 mg/ml) in 50 mM Tria-HCH. pH 7.6, 5 mM EDTA. with 0.65% 
Nonidet P^O, and 0.38 M NaGl followed by sonication for 20 s at the 
maximal miorotip setting (Vibracell, Sonics and Materials, Inc., Dan- 
bury, CT) (56). Indusion bodies were washed twice with 60 mM Tris- 
HGl. pH 7.5, and 6 mM EDTA, were solubilized by heating to 100 *^G in 
1% SDS, 12 mM Tris-HCl, 5% glycerol, and 1% 2-mercaptoethanol, and 
were subjected to SDS-polyacrylamide gel electrophoresis. The fraction- 
ated proteins were transferred to polyvinylidene difluoride membrane 
(Bio-Rad) by dectroblotting (1 mA/cm*), The membrane was then 
blocked for 4-6 h at 4*C with PBS containing 10% bovine serum 
albumin and 0^2% Tween-20. A strip of membrane containing the re- 
combinant Fuc-TVII fusion protein was incubated overnight at 4 X 
with 0.5 ml of rabbit anti-mouse Fuc-TVU antiserum diluted with 2.5 
ml of PBS containing 3% bovine serum albumin and 0.2% Tween-20. 
The membrane was then washed at room temperature in PBS vrith 
0.06% Tween-20 and sliced into small pieces, and the bound antibody 
was eluted by incubating the membrane firagmenta on ice for 10 min in 
450 ;U of Trie glycine, pH 2.5. The supernatant was collected and 
immediately neutralized with 100 ^ U Tris-HQ, pH 8.0. The 
ehition procedure was completed a second time, and the two eluates 
were pooled and used subsequently for immunohistochemical 
procedures. 

Western Blot Analysis — GeU extracts were prepared from tranafected 
GOS-7 cells 72 h afler transfection. Extracts contained 50 mM Tris-HGl. 
pH 6,8, 1% SDS, and 10% glyceniL Extracts were boiled for 3 min 
immediately after preparation and were stored frozen until use. Protein 
content was determined using the BOA reagent procedure. Extracts 
were prepared for SDS-polyacrylamide gel electrophoresis by adding 
dithiothreitol to a final concentration of 0.1 M and bromphenol blue to a 
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final concentration of 0.05%. Samples were then boiled and fractionated 
by electrophoresis through a 10% SDS-polyacr^amide gel. After elec- 
trophoresis, the proteins were electrotransferred to a polyvinylidene 
difluoride membrane (Bio-Rad). The membrane was rinsed and then 
blocked for 12-14 h at 4 in phosphate-buffered saline, pH 7.4, con- 
taining 10% bovine serum albumin and 0.2% Tween 20. The blot was 
washed at room temperature in phosphate-buffered saline, pH 7.4, with 
0.2% Tween 20 and was probed with a 1:200 dilution of antigen affinity 
purified rabbit anti-Fuc-TVII antibody. The blot was then washed and 
probed with a 1:2500 dilution of a horseradish peroxidase-co^iugated 
anti-rabbit immunglobulin (Sigma). The blot was then rinsed, exposed 
to ECL reagent (Amersham Gorp.), and subjected to autoradiography. 

Northern Blot Ana iysiy— Total RNA was prepared firom mouse 
(FVB/N) tissues and cultured cbU lines using published procedures (49), 
01igo(dT>-purified poly(A)* RNA samples were electrophoresed through 
1.0% agarose gels containing formaldehyde and were transferred to a 
nylon membrane (Hybond-N, Amersham Corp.). Northern blots were 
prehybridized for 2 h at 42 ""G in 1 x PE, 5 x SSC, 0.5% sodium dodecyl 
sulfate, and 150 >i^ml sheared salmon sperm DNA. Blots were hybrid- 
ized for 18 h at 42 "G in prehybridization solution containing a-**P- 
labeled 974-base pair Eagl-EcdKi firagment isolated firom the insert in 
pMFuc-TVIL The Eagl site ia located at nucleotides 2228-2233, 
whereas the £coRI site spans baae pairs 3202-^207. Blots were 
stripped in boiling 0.1% SDS and rehybridized with a chicken glyceral- 
dehyde S-phoephate dehydrogenase probe (57) to confirm that RNA 
samples were intact and loaded in equivalent amounts (data not 
shown). 

Construction of a Mouse L-selectin/lgM Chimera Histochemical 
Probe—A mouse L-selectin cDNA (58) was kindly provided by Dr. Mark 
Siegelman at the University of Texas Southwestern Medical Center 
(Dallas, TX). The extracellular domain was truncated at the junction of 
its transmembrane domain with an Hphl digest fbllowed by the ligation 
of an adaptor. A human IgM cDNA omtaining the CH2, CH3, and CH4 
domains (kindly provided by Dr. Ernie Kawasaki, Precept Inc.) was 
ligated to the adaptor modified end of the L-selectin sequence in a 
manner that fuses the open reading frame encoding L-selectin to the 
open reading frame encoding the GH2, CHS, and CH4 domains of 
human IgM. This fragment was inserted into the vector SRo-PCDMS 
immediately downstream of the SRa promoter in the sense orientation 
with respect to the SRa promoter. This vector was introduced into 
COS-7 cells using the D£A£-dextran transfection method (21, 49). 
Medium was harvested from the transfected cells 3 days after the 
transfection and was replaced with fresh medium (Dulbecoo's modified 
Eagle's medium, 10% fetal calf serum, P/S, Q) that was collected 4 days 
later. The L-selectin/IgM chimera was purified and concentrated ap- 
proximately 40-fold by affinity chromatography on goat anti-human 
IgM agarose. 

ImmunohistocheTm&try Procedures — Peripheral (axillary) and mes- 
enteric lymph nodes and Foyer's patches were isolated from mice im- 
medistely afler sacrifice. These lymphoid tissues were embedded in 
OCT medium (Tissue-Tek, MItiES. Elkhart IN), sectioned with a Leica 
2S00N cry OS tat, and collected on glass microscope sHdes. 

Sections to be stained with anti-Puc-TVII were fixed in 2% paraform- 
aldehyde in phosphate-buCfered saline for 20 min on ice. The sections 
were rinsed with phosphate-buffered saline at room temperature, were 
quenched with 50 mM NH^C^ in phosphate-buffered saline at room 
temperature, and then were rinsed briefly with water. The tissues were 
then permeabilized with 100% methanol £ar 20 min on ice, rehydrated 
in phosphate-buffered saline, and then incubated for 30 min at room 
temperature with blocking solution A (phosphate-bufiiered saline con- 
taining 2% goat serum, 0.05% Triton X-ICK), 0.05% Tween 20). The 
blocking solution was aspirated, and the sections were incubated over- 
night at 7 with antigen affinity purified anti-Fuc-TVII used at a final 
concentration of 5 ^igfnA in blocking solution A. After the overnight 
incubation, the anti-Fuc-TVU/faloddng solution was removed, and the 
slides were washed with phosphate-bufiered saline and were incubated 
for 1 h at room temperature with a FTFC-coi^ugated goat anti-rabbit 
IgG reagent (Sigma) diluted 1200 in blocking solution A. The ^slides 
were then washed at room temperature in phoephate-bufiTered saline, 
mounted with citifluor (Citifiuor Products, Chemical Laboratory, The 
University. Canterbury, Kent, UK), and examined by immunofluor^ 
cence microscopy (Leitz DM RB microscope). 

Sections to be stained with the monoclonal antibody MEGA-79 (48) 
were fixed on ice for 20 min in 2% paraf<ATOaldehyde in phoaphate- 
buffered saline, washed at room temperature with phosphate-biiffered 
saline, and quenched for ^ min at room temperature with 50 mM 
NH^Ci in phosphate-buffered saline. The slides were then rinsed briefly 
in water, permeabilized with 100% methanol for 20 min on ice, rehy- 
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drated in phosphate-bufTered saline, and then incubated overnight at 
room temperature with blocking solution A (phosphate-buffered saline 
containing 2% goat serum, 0.05% Triton X-100, 0,05% Tween 20). The 
blocking solution wae then aspirated, and the sections were incubated 
for 1 h at 7 <X} with MECA-79 at a concentration of 6 iLgfml in blocking 
solution A. Sections were then washed extensively with phosphate- 
buffered saline at room temperature. The washed sections were then 
incubated for I h at room temperature with a tetram ethyl rbodamine 
isothiocyanate-conjugated goat anti-rat IgM reagent (Jackson Immu- 
noResearch) used at a dilution 1:200 in blocking solution A. The slides 
were then washed three times at room temperature with phosphate- 
buffered saline, mounted with citifluor, and examined. 

Sections to be stained with the Lrselectin/IgM chimera were fixed in 
1% paraformaldehyde and 0.1 M cacodylate, pH 7.1, for 20 min on ice, 
were then washed with Tris-buffered saline, pH 7.4. The L-selectin/IgM 
chimera was applied to the sections at a concentration 60 fig^m) in 
blocking solution B (Tris-buffered saline, pH 7.4, containing 2% goat 
serum) supplemented with either 3 mM CaCH, or with 5 mM EDTA, and 
were allowed to incubate overnight at 7 Sections were then washed 
extensively with ice-cold Tris-buffered saline supplemented with 3 mM 
CaClg. Sections were then incubated for 1 h at 7 ^'C with a biotinylated 
goat anti-hutnan IgM reagent (Sigma), diluted 1:200 in blocking solu- 
tion B, and supplemented either with 3 mM CaCl^ or with 5 mM EDTA. 
The sections were then washed with ice*cold Tris-buffered saline sup- 
plemented with 3 mM CaCl^ and were incubated for 1 h at 7 *'C with a 
FITC-coiyugated streptavidin reagent (Vector Labs, Burlingame, CA) 
diluted 1:200 in blocking solution B supplemented with 3 mM CaCla. 
The slides were washed with ice-cold Tris-buffered saline supplemented 
with 3 mM CaCla, moimted with dtifluor, and examined by immunoflu- 
orescence microscopy (Leitz DM KB microscope). 

In Situ Hybridization Procedures — In situ hybridization procedures 
were compietad using a modification of published procedures (59). 
Fresh murine axillary lymph nodes, mesenteric lymph nodes, and Bey- 
er's patches were embedded in OCT medium (Tissue-Tek^ MILES, 
Elkhart, IN) and quick-firozen in isopentane on Uquid nitrogen. Cxyo- 
stat sections (10 fm) were collected on Superfrost/Plus microscope 
slides (Fisher) fixed in fi^hly prepared 4% paraformaldehyde in PBS 
for SO min on ice, washed twice in PBS, and digested for 5 min at room 
temperature with 1 fig/ml proteinase Kin 50 mM Tiis-HCl, pH 7.6, and 
5 mM £DTA. The sUdes were then washed in PBS, fixed again in 4% 
paraformaldehyde, rinsed in water, and treated with 0.25% acetic an- 
hydride in 0.1 M triethanolamine, pH 8.0. for 10 min at room temper- 
ature. Acetylation was followed by room temperature washes in PBS 
and then in 0.86% NaCl. The slides were then dehydrated in a graded 
series of solutions of ethanol in water (30, 50, 80, 95, and 100% ethanol). 
Air-dried sections were overlaid with a hybridization solution contain- 
ing ^S-labeled RNA in sense or antisense orientation. RNA probes were 
derived by in vitro transcription procedures, using recombinant T7 or 
Sp6 RNA polymerases, initiating on the T7 or Sp6 promoter sequences 
fianking a DNA segment derived from the coding region of the mouse 
Fuc-TVn gene (base pairs 2197-2494; see Fig. 2) as subdoned into the 
vector pCDNAI (Invitrogen). The hybridization solution contained 50% 
deionized formamide, 0.3 M NaC!1, 20 mM Tris-HCl, pH 8.0, 5 mM EDTA. 
10 mM phosphate buffer, pH 8.0, 10% dextran sulfate, 1 X Denhardt*a 
solution (49). 0.5 mg/ml yeast tRNA, 10 mM dithiothreitol, and 
lO'^cpm/ml of radiolabeled probe. The h^ridization solution was sealed 
over the sections with a coveralip and DPX mounting media (BDH Lab 
Supplies, Poole, UK). Hybridization was carried out for 16 h at 55 in 
a s^ed container humidified with 5 x SSC. After hybridizatioa, the 
DPX mounting media seal was removed, and slides were washed at 
56 for 30 min in 5 x SSC and 10 mM dithiothreitol and then at 65 ^'C 
for 30 min in formamide wash buffer (50% formamide^ 2 x SSC, 20 mM 
dithiothreitol). The slides were then washed 4 times at 37 in 0.5 M 
NaCl, 10 mM Tria-HCl, pH 7.5, 5 mM EDTA. SUdes were then digested 
with RNaseA (1 /xg/ml) for 30 min at 37 **€ and were washed in form- 
amide buffer, then in 2 x SSC. and then in 0.1 X SSC. SUdes were 
dehydrated in a graded series of solutions of ethanol in 0.3 M ammo- 
nium acetate (30, 50, 80, 95, and 100% ethanol). air-dried, and coated 
with NTB2 liquid emulsion (Kodak). Following a 2-^week exposure 
time, the emi^ion was developed using procedures suggested by the 
manufacturer. Sections were then stained with hematoxylin and eosin 
and examined and photographed with bright field and daric field mo- 
dalities, using a Leitz DM RB microecope. 

RESULTS 

A Hybridization Screen Identifies a Novel Murine a(l,3)Fu' 
cosyltransferase Locus— hi an effort to isolate novel murine 



or(l,3)fucosyitTan8ferase genes, a murine genomic DNA phage 
library was screened with a probe corresponding to the cata- 
lytic domain of the human Lewis a( 1,3/1, 4)fucosy1transferase 
(Fuc-TIII) (21) using low stringency hybridization conditions 
(see "Experimental IVocedures'*). One phage was isolated that 
contained an insert with a translational reading firame sharing 
approximately 40% amino acid sequence similarity with the 
amino acid sequences encoded by four previously cloned mem- 
bers of the human oKl, 3 )fuco8yl transferase family (Fuc-TIII- 
VI) (21-26). 

To identify transcripts corresponding to this genomic se- 
quence, a segment of the phage insert representative of the 
open reading frame was used to probe Northern blots prepared 
from mouse cell lines and tissues. Transcripts corresponding to 
this probe were identified in the murine cytotoxic T-ceU line 
14-7fd (42, 43). A cDNA library constructed from this cell line 
(32) was screened by hybridisation with a segment of the phage 
insert, yielding 16 hybridization positive colonies. The se- 
quences of all 16 cDNA clones were determined, as was the 
sequence of the corresponding genomic DNA (Pig. lA). Analysis 
of this sequence data indicates that this locus yields multiple 
structiurally distinct transcripts derived from alternative splic- 
ing events and possibly also from alternative transcription 
initiation events. Five classes of cDNAs were identified (Fig. 1), 
Analysis of these cDNA sequences identifies three methionine 
codons that may function to initiate translation of an open 
reading frame with amino acid sequence similarity to human 
Fuc-TIII, Fuc-TIV. Fuc-TV, and Fuc-TVI (Fig. 2). The positions 
of these methionine codons predicts the synthesis of a(l,3)fu- 
cosyl transferases with different cytosolic domains (encoded by 
exons 2 and/or 3) but with identical Golgi-localized catalytic 
domains (encoded by exon 4). One relatively abimdant class of 
cDNAs (represented by cl>NA 14) maintains an open reading 
frame initiating at the methionine codon at nucleotide 1947. 
This reading frame predicts a 342-residue, 39.424-Da type U 
transmembrane protein with a hydrophobic transmembrane 
segment derived frx>m amino acids 9-51 (Fig. 2). An in-frame 
methionine codon at nucleotide 2126 predicts a 318-residue, 
36,836-Da polypeptide that initiates within the hydrophobic 
transmembrane segment of the polypeptide predicted by the 
longer reading frame initiated at nucleotide 1947. A similar 
structural arrangement is found in two other cDNA classes, 
represented by cDNAs 6 and 10. However, these two cDNAs 
differ from cDNA 14 in that they contain an additional up- 
stream exon with a methionine codon corresponding to nucle- 
otide 996. The translational reading frame initiated by this 
methionine codon is truncated by a termination codon in exon 
2 at a position proximal to the methionine codon at nucleotide 
1947 and thus cannot generate a polypeptide that shares sim- 
ilarity to the human a(l,3)fucosyl transferases. However, in 
cDNA 5, the absence of exon 2 allows the translational reading 
frame generated by the methionine codon at nucleotide 996 to 
continue in frame with sequence in exon 4. This arrangement 
predicts the synthesis of a 389-residue, 44,492-Da type II trans- 
membrane protein with the same putative transmembrane 
segment defined for the protein predicted by cDNA 14 (Fig. 2). 
Finally, cCNA 3 is representative of a relatively abundant class 
of cDNAs that each initiate between the spHce acceptor site of 
exon 4 and the methionine codon at nucleotide 2126. This class 
of cDNAs predicts a 318-residue, 36,836-Da polypeptTde that 
initiates within the transmembrane segment predicted for the 
proteins corresponding to the other cDNA classes. 

Because the polypeptides predicted by these murine cDNAs 
share primary sequence similarity to the four human cr(l,3)fu* 
cosyltranaferases known at the time (Puc^TIII, IV. V, and VI), 
we anticipated that one or more of them woidd function as an 
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Fig. 1. Structiire and fanctioii of the murine Fue-TVU gene and cDNAs. A, structures and functional activities of the murifi^ ^^^^tJ^^ 
gene and cDNAs. The multi-exon structore of the murine Puc-TVII gene is shown at the top. Numbering below the schematic «>rreBponaO « 
nucleotide positions of intron-exon boundaries, and the first (1) and last (3594) nucleotides of the known sequence of the locos, ^^'^yg jv- 
boundaries are defined by comparison of the cDNA sequences to the corresponding genomic DNA sequence (see Fig. 2). The numbering ^^^^Klonfi 
schematic, immediately o&o«c the ATGv, corrDSponds to the nucleotide position of the first nucleotide in each of the three potential initistio'* ^ 
as discussed in detail in the text. The numbering above the achemaUc^ immediately above the STOPs, corresponds to the nucleotide P**^''^!*!,^ fu 
translational termination codon (TGA; base pairs 1900-1902) localized to exon 3b that truncates the potential open reading frame 
start codon at nucleotide 996-998 in cDNA classes represented by cDNAs 6 and 10 (see text for details). Representative members *'v^^Lhted 
structurally different classes of Fuc-TVH cDNAs isolated from the murine cytotoxic T-lymphocyte cell line 14-7fii are schematically '^^'^^r^ 
below the gene structure schematic. The cDNAs shown are the representative member of each clase with the longest 5' extension, tht / 
cDNAs isolated in each daes is indicated in the column labeled number of cDNA's. Each cDNA was transientiy expressed in COS-7 ^^^g^T^^ 
"Experimental PrrKedurea^. The transfected COS-7 cells were then subjected to flow cytometry analysis to characterize the ce** -^o^lrtS 
glycosylation phenotype determined by each cDNA. The fraction of sialyl Lewis x-positive cells in the transfected population (positive ^tai*^^ , 
the monodonal antib^y OStEX-1, normalized to transfection efficiency as determined by chloramphenicol acefyltransferase activity 
a co-transfected plasmid vector encoding this enzyme ("Experimental Procedures*) is irulicated in tiie column labeled % CSLEX-1 posit*^^ 
results represent the fraction of antigenrpoaitive cells observed above a background of 2% staining obtained with the negative \ 
pCDMS. Extracts were also prepared from the transfected cells and were subjected to in vitro a(l,3)fucosyltran8feraae assays using 5 ^"^yTTj! 
iV-acetyUactosamine as an acceptor (see "Experimental Procedures"). The spedfic activity of the ae(l,3)fuco8yltransferase activity encode 
cDNA (normalized for transfection efficiency) is indicated in the column labeled Sp, Act. (cpnx» /ligfhr), B. Western blot analysis of the P^^^'^Si^fd 
expressed in CX>S-7 cells by cDNAa 3, 6, 6, 10, and 14. Thje extracts used in the o(l^)fucoayltransf erase ass^ discussed in A were *^*f,.^jMferted 
to Western blot analysis using an antigen affijoity purified anti-Fu^TVII antibody. The amounts of protein analyzed from each type ^'^^'j^^a^**^ 
cell extract were varied to achieve ruumalization to the transfection efficiencies, exactly as Indicated in A for the flow cytometry and '^T u^**** 
syltransferase activity analyses. Cell extracts were fractionated by SDS-polyacrylamide gel electrophoresis and electroblotted to a P**^?^^ji^? 
difluonde membrane, and the Fuc-TVII expression vector-encoded polypeptides were identified by probing with an antigen affinity P^^^'^^^t (ECL 
anti-Fuc-TVII antibody, goat anti-rabbit IgCr-peroxidase coqjugate, and a commercially available enhanced chemiluminescenee rea^^^ ' 
Amersham Corp.) as described under "Experimental Procedures." 



cx(l»3>fucosyl transferase. However, because the murine peptide 
sequence shares approximately equivalent aequence similarity 
to each of these human enzymes, we expected that it did not 
represent the murine homologue of any of them and conae- 



quently named it Fuc-TVII. This appellation has beet* 3"**®^®** 
by subsequent woric in which this murine gene has bee** ^ed to 
isolate cBNAs encoding the human Fuc-TVII (27). 

None of the three putative initiation codons'are eml>^ ^ ^ 
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„hf« L^o"?^? - ^^'^'^nli/???^'* ^^i? **** isolated mouse Fuc.TVn gene. The DNA sequence was derived from a 

phage containmg the munne Fuc-TVU locus. The DNA sequence present in cDNAs (Fig. 1) is shown in upperx^ Utters, whereas the DNA 
sequence corresponding to in tromc portions is displayed in loweruxse letters. Amino acid sequences predicted by the cDNA eequeocea are shown 
J^IIa <^^s<^^J«^<i«tail m the text, altemaUve splicing events yield different cDNAs that may in turn encode three different 

polypeptides. One protein is predicted to initiate at the methionine codon localized to nucleotide positions 996-998 (389 residues 44 492 Da- cDNA 
i' ^ ^^^^ ^' ^ methionine codon localized to nucleotide positions 1947-1949 (342 residues. 39.424 Da- 

« 'qfi ft^^^ HMA i ^ ^"^^J^ *^ ^?f**i*° ^^^^ ^' inethionine codon localized to nucleotide positions 2126-2128 (318 
residues^ 86,836 Da; cDNA 3, as well aa all other cDNAs; Pig. 1). 



a sequence context consistent with Kozak*s rules for ta^sla- 
tion initiation (Pig. 2) (60). To determine which, if any, of these 
initiation codons and cognate cDNAs function to encode the 
predicted polypeptideCs) and to confirm that this locus encodes 
an ot(l,3)fucosyltransferasc, COS-7 cells were tranefected with 
a cDNA representative of each class, and the transfectants 
were subjected to assays to (i) identify cDNA-determined cell 
surface-localized fucosylated oligosaccharide antigens, (ii) 
identify and quantitate the polypeptides encoded by cDNAs, 
and (iii) identify and partially diaracterize cDNA-determined 
a(1.3)fuco8yltransferase activity in transfectant cell extracts 
\ising in vitro ot(l,3)fucofiyltransferafle activity assays. 

cDNAs representative of three of the five classes (cDNAs 6, 
10, and 14) (Fig. 1) each determine relatively high levels of cell 
surface-localized sLe* expression (35.1. 21.8, and 16.5%, re- 
spectively, above a 2% background) when introduced into 
COS-7 cells by transfection. cDNA 5 also directs cell surface 
sLe* expression in COS-7 cells but at a level (9% positive cells) 
that is lower than the sLe'' expression levels determined by 
cDNAfi 6, 10, and 14. By contrast, none of these four cDNAs 
directs expression of Lewis x, Lewis a, or sialyl Lewis a deter- 
minants (data not shown). Tliesc results indicate that one or 
both of the two potential methionine initiator codons in each 
cDNA can efficiently direct translation to yield cr(1.3)fucosyl- 
transferase activity. These observations further indicate that 
this a<l^)fuco8yltransferase activity can utilize a(2.3)sialy- 
lated lactosamine-based glycan structures to form sLe" deter- 
minants but indicate that the activity does not efficiently uti- 
lize neutral type 11 oligosaccharide Lewis x precursors nor 
neutral or a(2. 3)sUlylated type I precursors to the Lewis a 
isomers. Because all four of these cDNAs direct qualitatively 
identical cell surface antigen profiles in COS-7 cells, it seems 
likely that individually or together, each directs the expression 



of polypeptides that individually or together maintain essen- 
tially identical acceptor substrate specificities (at least for the 
four antigens examined). 

In contrast to the results obtained with cDNAs 5, 6. 10. and 
14, cDNA 3 does not direct detectable sLe* expression. "Hiis 
result suggests that the methionine codon at nucleotide 2126 in 
this cDNA does not efficiently promote initiation of translation 
of the cognate mRNA and thus does not encode functionally 
significant levels of enzyme activity. Alternatively, this cDNA 
may encode a polypeptide without a{l,3)fuco8yltransferase 
activity. 

Qualitatively identical results were obtained when these five 
cDNAs were expressed in another cell bne (CHO-Tag cells) (32) 
informative for expression of the Lewis x and sLe* determi- 
nants (data not shown). Unlike COS-7 cells, this cell line is also 
capable of forming the internally fiicosjdated VIM-2 determi- 
nant (NeuAca2,3Gaipi,4GlcNAcpi.3Galj31,4(Fucal,3) Glc- 
NAc-R) (22). We found that none of the cDNAs directs expres- 
sion of the VIM-2 epitope when expressed in the CHO-Tag cells 
(data not shown). Considered together, these results indicate 
that some, thou^ not all, of the cDNAa can encode an a(l,3)fu- 
cosyltransferase activity that can catalyze a(l,3)fuco8yiation of 
the A^-acetylgalactosamine moiety on a terminal a(2,3)Bialy- 
lated lactoaamine unit but not to internal ^-acetylgalac- 
tosamine moieties on o(2,3)8ialylated polylactosamine precur- 
sors nor to neutral type II precursors. 

To confirm that the sLe* expression efficiency chara<^^istic 
of each cDNA correlates vntii the level of expression of the 
corresponding protein, cell extracts of the transfected COS-7 
cells were subjected to Western blot analysis using an affinity 
purified rabbit polyclonal antibody generated against a recom- 
binant form of the predicted polypeptide (^ig. IB). Cells trans- 
fected with cDNAs 6. 10, and 14 expr^ two major forms of the 
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Fig. 3. Tissue-specific expression patterxxs of the murine Fuc-TVn gene, 01igo(dT) puriHed mKNA (5 ^xg) purified fh>m murine tissues 
and ceQ lines was fractionated by agarose gel electrophoresis, blotted to a nylon hybridization membrane, and probed with a 974-faase pair DNA 
segment derived from the coding region of the mouse Fuc-TVII locus (nudeotides 2228-3207; see Fig. 2 and "Experimental Procedures"). HNA 
molecular size standards, in kilobase pairs, ere indicated at the left in each panel. Each blot was siibsequently stripped and reprobed with a 
radiolabeled chicken glyceraldehyde 3-phosphate dehydrogenase probe to confirm that RNA samples were intact and loaded in equivalent amounts 
(see Txperimental Prcwedures,* data not shown). A, polyadenylated RNA isolated from mouse tissues and from the murine T-lymphocyte cell line 
14*7fd U4FD). Bf polyadenylated RNA isolated from mouse bone marrow and spleen and from cultured mmine leukocyte cell lines. Cell lines 
represent the following lineages: A£EI, murine erythroleukemia cell line; P38d and RAW (RAW 264.7), macrophage; EIA^ T ceU; S107, 63 
(TH2.&4.63) and 180.1, B cell Hnee (hybridomas). 



protein, with molecular masses of 35 and 37 kDa. Smaller 
amounts of several other proteins are also evident in these 
cells. The amount of immunoreactive protein generated by 
these three cDNAs correlates with the level of sLe" expression 
directed by each. This observation indicates that the relative 
sLe'' expression level directed by each is a function of the 
efiEiciency with which each corresponding mRNA is translated 
and thus the relative intracellular accumulation of the cognate 
polypeptide. 

Ceils transfected with c0NA 5 cells also contain multiple 
immunoreactive polypeptides (Fig. LB). The most abundant 
pair of these proteins migrate more rapidly than do the pro- 
teins detected in cells transfected with cDNAs 6, 10, and 14 yet 
are approximately similar in quantity to the immunoreactive 
protein directed by cDNAs 6 and 10. Because cDNA 5 directs 
lower levels of cell surface sLe*. expression than these two 
cDNAs, it is therefore possible that the lower Af, immunoreac- 
tive polypeptides found in cDNA 5-transfected cells maintain 
substantially lower specific enzyme activity than do the pro- 
teins encoded by cDNAs 6, 10, and 14 or are otherwise less able 
to direct sLe' expression in C03-7 cells. Finally, cells trans- 
fected with cDNA 3 do not contain any detectable immunore- 
active proteins. This implies that the putative initiator codon at 
base pair 2126 in this cDNA does not initiate translation of an 
immunoreactive product and is consistent with the observation 
that this cDNA does not yield sLe* expression following trans- 
fection into COS-7 cells. 

Conclusions derived firom the flow cytometry and Western 
blot analyses summarized above axe supported by the res\ilts of 
in vitro of(l,3)iucosyltransferase assays completed on the same 
cell extracts. These assays demonstrate that cells transfected 
with cDNAs 5, 6, 10, and 14 contain enzyme activity that can 
transfer ^^C-labeled fucose from the nucleotide donor substrate 
GDP-fucose to the low molecular weight acceptor 3 '-sialyl ^- 
acetyllactoaamine (NeuNAca2, 3Galj31, 4GlcNAc) (Fig. lA). 
For each cDNA, the product of this reaction cb-elutes with a 
radiolabeled sLe' tetraaaccharide standard when fractionated 
by ion suppression amine adsorption high pressure liquid chro- 
matography (data not shown). The a<l,3)fUcosyltranaferase ac- 
tivity directed by each of these four cDNAs does not utilize the 
neutral acceptor substrates ^-acetyllnctosamine or lacto-^- 
biose L Extracts prepared from cells transfected with cDNA 3 
do not contain detectable a(l,3)fucosyltrans{erase activity 
when tested with 3 '-sialyl iV-acetyllactoBamine nor when 



tested with the neutral acceptor svibstrates N-acetyllac- 
tosamine or lacto-N-biose I. These results are entirely consist- 
ent with the flow cytometry data summarized above and indi- 
cate that this locus encodes an a(l,3)fucosyltran&feraae activity 
that apparently requires type II acceptor substrates that are 
terminally substituted with an oc(2,3>-linked sialic add residue. 
Considered together, these results suggest that differential 
splicing and/or transcriptional initiation events can control the 
level of a(l,3)fucosyltransferase activity and thus cell surface 
sLe' expression level through mechanisms that depend on the 
efficiency with which each transcript is translated. 

Transcription of the Mouse Fuc-TVII Locus Is Restricted to 
Cells Found in the Bone Marrow and the Lung — Northern blot 
analysis indicates that transcripts corresponding to the Fuc- 
TVII locus accumulate to detectable levels in only a few tissues 
in the adult mouse (Fig. 3). Abundant transcript accumulation 
is only observed in the l\mg and in the bone marrow, with very 
small amounts evident in the spleen, salivary glandi, and skel- 
etal muscle. Northern blot analysis of cultured murine blood 
cell-type cell lines indicates that the Fuc-TVtl transcript is 
relatively abundant in the mouse cytotoxic T line 14-fd (used to 
clone the Fuc-TVII cDNAs) and in the mouse T cell line EL4 
(34). Less abundant transcript accumulation is evident in the 
murine macrophage-derived lines RAW (39, 40) and P388 (41). 
Fuc-TVII transcripts are not evident in the murine erythroleu- 
kemia cell line MEL (37, 38) nor in three murine B-lymphocyte 
lineage ceU lines (S107 (33); TH2.54.63 (35); 180,1 (36)). 

Both the marrow and limg maintain several di£ferently sized 
transcripts, including two abundant transcripts of approxi- 
mately 1.6 and 2.2 kilobase pairs in size and a fainter tran- 
script at approximately 3.0 kilobase pairs. "Hiese three tran- 
scripts are similar in size to the three most abundant 
transcripts observed in the murine 14-7fd cytotoxic T cell line. 
These observations suggest that cells in the bone marrow and 
lung yield alternatively spliced transcripts similar in structure 
to those characterized by cDNA cloning studies in the 14-7fd 
cells. These data also suggest that in the marrow, the Fuc-TVn 
locus is transcribed in cells assigned to the myeloid and T- 
lymphoid lineages but notin B-lymphoid lineage cell type^^d 
suggest that expression of this fucosyltransferase correlates 
with selectin ligand expression on myeloid and T-lymphocyte 
lineage cell types. 

FuC'TVU Is Expressed in EndotheUal Cells Lining the High 
Endothelial Venules in Peripheral Lymph Nodes, Mesenteric 
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frli'!:^d71^*"^^^'^^^'''' °i!*^*?.'*'/***'7!P *™««^Pt» ^ and Peyer's patches. Sequential lO^icron-thidt 

frozen secUons an axillary Ijonph node (A. and O, a mesenteric lymph node (D, and F), and Peyer's pai^ (G. /Tand /) were sta^^^S 

^r^'^'Sir^HT ^^^^l^'^f .^fe A andG^ photogTBph atSx magmficaU^n using^hrigSTfield m^iSkTo 

'"S'^.rfZ,^^!!!^!^^^^^ ^'^-Jl -^i-^ ^ ^ hybridization were pr.beS with an 



«^ '^^^ r^^.^^^ ^^^""^ "^^^ ^"^"^ ^ P."*^ ^^'^"^^ P^"^ 2196-2497 of the murine Fuc-TO? i«ni; (^w labeled 

^.^J^ ■ ' • proceased for w Jifu hybridization were photographed at 5x magnification using dark field illumination. The 

^n^thl^^yZr^i ' ' *S «™3pond to sites (i.€. high endothelial venular endothelial cetia in paneU B and E; high endothelial venular 
eadothehal cells and Kmenally positioned cells (the white-stained -caps' on the lymphoid aggregates) in pane/ H) where L Fuc-TVII antisense 
probe identifies Fuc-TVn transcripts (see text for details). y « ™ uae r uc i vii anusense 



Lymph Nodes, and Peyer*s Patche^The identity of the cell 
types in the lung responsible for the Northern blot signal in 
that organ was disclosed by in situ hybridization analyses. 
These studies identified Fuc-TVII transcripts in paratracheal 
lymph nodes within the extirpated lung but not in any other 
cell type (data not shown). T^e pattern of cxpi^ssion in these 
nodes su^ested that the Fuc-TAOI transcripts were localized to 
the hig^ endothelial venules within these nodes {data not 
shown). When considered together with recent obeervaUons 
suggesting that a sulfated derivative of the sialyl Lewis x 
determinant represents a terminal oligosaccharide moiety 
found on HEV-spedfic L-selectin Uganda (17-19), detecUon of 
Fuc-TVII transcripts in these HEV suggests a possible role for 
this locus in the synthesis of this fucosylated oligosaccharide 
and in controlling lymphocyte homing. To further characterize 
the HEV-specific expression of Fuc-TVII, this was systemati- 
cally evaluated iising in situ hybridization analysis of HEV in 
peripheral lymph nodes, in mesenteric lymph nodes, and in 
Peyer's patches, where L^ectin ligand expression has been 
well characterized (6). These analyses (Pig. 4) indicate that 
Fuc-TVII transcripts accumulate to easily detectable levels in 
the HEV of all three types of lymphoid aggregates. An in situ 
hybridization signal is also obtained with the antisease Fuc- 
TVII probe in a population of cells that line the gut lumenal 
surface overiying the Peyer's patches. Although these are pre- 
sumed to be epitJtiehal cells, and may represent so-called M 
cells (61), their precise identity remains unknown. 

As noted above, not all Fuc-TVII-derived transcripts yield a 
protein product Inununohistochemical analyses were therefore 
used to confirm that the Puc-TVU transcripts detected in HEV 
are accompanied by Puc-TVU polypeptide expression and to 
confirm that such expression co-localizes with L-selectin ligand 
expression. A rabbit polyclonal antibody raised against the 
Fuc-TVII peptide yields an intracellular staining pattern in the 



endothelial cells within HEV in all three lymphoid aggregates 
(Fig. 5). The perinuclear intracellular staining pattern seen 
with the anti-Fuc-TVII antibody is consistent with the notion 
that this enzyme is localized to the Golgi apparatus, where it 
may participate in the synthesis of fucosylated oligosaccharides 
with L-selectin ligand activity. In each of the three types of 
l3rmphoid aggregate, expression of immunoreactive Fuc-TVII 
co-localizes with expression of epitopes recognized by the 
MECA-79 antibody shown previously to stain HEV and to 
interfere with L-selectin binding to HEV (4B). Fuc-TVII expres- 
sion also co-localizes with expression of L-selectin ligands on 
HEV , as detected with a recombinant mouse L-selectin/human 
IgM chimeric protein. These observations imply that Fuc-TVU 
may participate in the synthesis of the sialylated, sulfated, and 
a(l,3)fucosylated candidate oligosaccharide components of 
HEV-derived L-selectin Hgands. 

DISCUSSION 

In an effort to understand the functions of cell surface fuco- 
sylated oligosaccharides in aninwds, we have established a 
program to isolate murine a<l,3/4)fucosyltranflferase genes to 
be used initially as reagents to characterize tissue-specific ex- 
pression patterns of Uie lod that control expression of cell 
surface fucosylated oligosaccharides. These reagents and the 
information gathered from their application will be used even- 
tually with transgenic approaches to uncover functions of their 
cognate cell surface fucosylated oligosaccharides by perturbing 
their expression patterns. 

A cross-hybridization approach outlined here yielded i novel 
genomic sequence that cross-hybridizes with segments derived 
from the conserved portions of the ^uman Puc-Ts DTI, V, and VI 
genes, in a position corresponding to their catalytic domiains. 
FoDowing the isolation of this murine genomic locus, functional 
analyses indicated that it encoded an o(l,3)fuco8yltransferase, 
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lymi* Dode was instead stained simultaneously with a pair of negaUve control antibodies (normal rabbH IgG and normal rat I^ m and 



termed Fuc-TVII, with structural features and catalytic activ- 
ities that were, at the time of its isolation, unique to the 
aCl,3)fuco8yltrajisferase family. In particular, this locus was 
the only t3c(l,3)fuco8yltransferase known to maintain a coding 
region distributed over more than one exon and the first fuco- 
syltransferase with miiltiple distinct initiation codons with the 
potential to yield structurally distinct polypeptides character- 
ized by different cytoplasmic domains but with essentially 
identical catalytic activities. The catalytic activity of each Fuc- 
TVII isoenzyme is characterized by an ability to utilize an 
«(2,3)8ialylated type 13 T^-acetyllactosamine precursors with- 
out the ability to utilize neutral type II, neutral type I, or 
sialylated type I JV-acetyllactosamine substrates. Similar ob- 
servations have been made for the human homologue of Fuc- 
TVII isolated subsequently by our group (27) and by others 
(28). This catalytic specificity and the leukocyte-specific expres- 
sion pattern of this gene strongly suggest that it plays a pivotal 
role in the biosyntfaetic scheme that yields the cK 2,3)8ialylated 
and o((l,3)fucosylated lactosaminoglycans essential to E- and 
P-selectin ligand activity. 



Other observations made in the work described here suggest 
a role for Fuc-TVII in directing synthesis of the oligosaccharide 
components of the ligands for L-selectin. As Rosen and col- 
leges have shown, L-selectin ligands on HEV correspond to 
0-linked carbohydrate determinants displayed by the mucin- 
type glycoproteins GIyCAM-1, CD34, and MAdCAM-1 (13-15). 
Their earlier biochemical analyses indicate that the oligosac- 
charides relevant to L-selectin ligand activity are sialylated, 
sulfated, and possibly fucosylated (16). More recent structural 
analyses from the Rosen group are consistent with the hypoth- 
esis that the capping groups on such oligosaccharides corre- 
spond to sulfated versions of the sialyl Le* moiety, with sul- 
fate attached via the 6-hydroxyl of the terminal galactose 
moiety [NeuNAca2.3(S046X3aipi,4(Fucal,3)GlcNAc-R3, the 
6*hydroxyl of the subterminal iV-acetyl-glucosamine mOifity 
[NeuNAca2,3Gal^l,4(S046)(Fucal,3)GlcNAc-R], or bpth 
(17-19). Non fucosylated forms of th^ structures were also 
identified, however, and the evidence that fucose is required 
for activity of physiological L-selectin hgands remains 
circumstantial. 



/ 
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The identificatdon of such nonfucosylated structures suggests 
the possibility that these sialylated and sulfated molecules 
represent acceptor substrates for a(l,3)fucoByltranflferases ex- 
pressed in HEV endothelial cells. Our observation that expres- 
sion of the Fuc-TVn locus co-localizes with L-selectin ligand 
expression in such cells suggests that Fuc-TVII may operate in 
this context The notion that sulfated and sialylated lac- 
toaamine moieties represent acceptor substrates for enzymes 
like Puc-TVn is supported by studies suggesting that Fuc-TM 
(62) and Fuc-TV (63) can utilize sialylated. sulfated lac- 
tosaroine-type acceptora. Indirect evidence derived from stud- 
ies on the biosynthesis of GlyCAM-1 are also consistent with 
this hypothesis (17, 64). However, our results indicate that the 
nonsulfated entity NeuNAca2,3(5al01.4GlcNAc is used in vitro 
and in vivo by Fuc-TVII. It therefore remains to be determined 
if the two sulfated forms of this substrate are also utilized by 
Fuc-TVn or if alternatively in HEV endothelial cells, sialyla- 
tion and then fucosylation in turn precede sulfation. Thus, the 
biosynthetic scheme for such molecules remains to be defined, 
espedaUy in the context of the possible role for Fuc-TVII in this 
pathway, and the relative order(s) of addition of sialic acid, 
sulfate, and fucose, on such molecules. This work is currently in 
progress in this laboratory. 

There is evidence to suggest that L-selectin expressed by 
granulocytes and other leukocytes mediates adhesion of these 
cells to activated vascular endothelium through as yet unde- 
fined extracellular endothelial cell counter-receptora (3, 4). Be- 
cause the chemical nature of this counter-receptor(8j is not 
known, a role for Fuc-TVII in the synthesis of such Ugands 
remains speculative and is a subrject of current exploration in 
this laboratory. In any event, the demonstration here that 
Fuc-TVn is co-expressed with L-selectin ligands on HEV, when 
considered together with previous observations demonatrating 
that Fuc-TVn is expressed in leukocytes and can direct syn- 
thesis of ligands for E- and P-eelectin, suggests that Fuc-TVII 
may represent a master control locus for the synthesis of li- 
gands for all three selectins and thus for controlling selectin- 
dependent leukocyte trafSckiug. Experiments are in progress 
to address these possibilities throu^ the generation and anal- 
ysis of mice that are deficient in the Fuc-TVH locus. 

REFERENCES 
L SpxingBr. T. A. (1994) CtU 76, 301-814 

2. McEver, R, P., Moor«, K. U, aod Cummioga. R. D. (1995) J, Biol. Chenu 270, 

11 025-11028 

3. Arbrae»,M.L^C>i<D.a.W,K.,Itateeh,H,,Mayiinrd-<;^ q 

C»ixm.D. J., awl Tedder, T.F. (1994) /nunWy 1,247-260 ' *' 

4. Ley, K., BnJInrd, D. C, ArWa, fil U. Bcwe. R., Ve»tw^, D.. Tedder, T, P., 

and Beaudet, A. U (1995) £3cp. Af«t lin,669-e7fi 

5. Varld. A. (1994) Proe. NcOL AcatL So. £7. a A. 91. 7390-7397 

2* BwtMxi. C. R. (1994) Curr. Opin. CeUBioLG, 663^673 

8. Mocre.K.UStult»,N.L.,Diax.a,Smith,D.F.,CumiiungB.ItD Varki iL 
and McEver. R P. (1992) J, CeU BwllSA, 445^)^6^ * ' 

®- ^'i?*' ^^^^ ^ ^ VKhino, O., White. R M,, Shaw, G 

Vddman G. M.. Be«i. K M.. Ahen». T. J. Purie. B. Cu^nmmg. D. A. and 
LerBen,G.IL (1993) CfiJ 76, 1179-1186 
10. Aaa^D,Raycroft.UMB.U.Aeed.P.A..K«yt«.P.S.EIhaiiiw aiid 
Geng. J.-G. (1995)^, Bid CW 370. 11662^11670^^^ 

U. P»t«l,K.a,Moin».K.UNon«t.M.U.,*iidMcEwr. B.P.(199B)J Clin. 
IfwesL 96, 1887-1896 

H.P Kltti»er.B,«ad Vertw«ber.D. (1995) Aotew 573,616-820 

CTktt. N.. Wateon. S. B, and Rosea. S. D. (1992) CeUe», 

14. BaunAuater 8.. Singer, M. a. IWl. W.. Hemmerich, a. Ren,. M. Rosen. 

and Usky.U A. (1993>5cienor 362, 438-438 . «««n, 

^* ^ McEvoy, L. BL. Beriin, C, BarsnUe, R P.. «nd Butcher, a C 

(1993)MiU*« 366, 695-698 * 



17. Hemmerich. 3., Bertoza, C. R. Lefflcr, R, and Rosen. S D (ttH>4f*^ 

istry 33, 4820-4829 ^ 

18. Hemmerich. &, and Rosen, a D. (1994) Biochemistry 38, md-^ 

19. Hemmerich, a. Leffler, H.. and Rosen, a D. (1995) J BuW. CA**"* 
1203&-12047 




20. Nateuka, 5., and Lowo^ J. B. (1994) Curr. Opin. StrwL Bioi. i ^ 
" " irsen. R D.. Nair, R p., aad Lo*». J- ^* <1^^> 



21. Kukowaka-Utallo, J. F., Larsen. ! 
Gcnetf A Dtv. 4, 1288-1303 

22. Weston. B. W., Smith. P. L.. KeHy. R. J., and Lowe. J B {\m)J. Bit^ Chtm, 

267. 24575-24684 

23. Weston. B. W., Nair, R P.. Laiwn, R D.. and Lowe J R iimU- f**^- <^**m. 

287,4162-4160 ' 

24. Lowe, J. B.. Kukowska-Lotallo, J. F„ Nair, R P., LarKn R D . ^ M., 

MaduT, B. A., Kelly, R J, and Ernst. L. R C1991)'/ BioL ChMm. 26e. 
17467-17477 ' 

25. Gocli, S. E., Uesaion. C. GoH; D., Griffiths. T^xarf. R, N»w«»«». B.. 

Chi-Russo» G., and Lobb. R (1990) CW/ 63, 1349-1356 

26. Kumar. R, Potvin. B., MuUer. W. A., and Stanley. P a991) J Biol- Ch»m 266^ 

21777-21783 -i*"^ 

27. NaUnka, a, Gcrsten, K M.. Zenita, K., Kannagi. R. and Lowe, J- B. (19»4) 

J. BioL Chem. 369. 16789-16794 

28. Sasaki. R. Kurata. K. Punayama, R. Nagata, WaUnabe. Ohta. 

Hanai. N., and Nishi, T. (1994) J. Biol Chenu £09, 14730-14737 

29. <3ocli. a. Kumar. R, Potvin, B.. Sundaiam. R, Biickehmier. M.. and Stanley. 

P. (1994) J. BioL Chem, 299, 1033-1040 

30. Zannsttino, A. C. Bemdt, M. Butcher. C, Bukhsr. E. C, V»a8S, M. and 

Simmons, P. J. (1995) Blood 86^ 3466-3477 
3L (Sersten. R M., Natanka. Trinchera, Pebyniak, B„ Kefly. R. J., 
Hiraiwa. N., Jenkina. N. A., Gilbert, D. J., CopeUuul N G. w>d J- B. 

(1995) J. BioL Chem. 370, 2S047-250S6 

32. Smith, P. L., and Lome, J. B. (1994) J. Biol. Cheou 269. 15162-151^^ 

33. Atdiiaon. M. U. and Peny, R P. (1987) CeU 46, 121-128 

34. Old. L. Boyse, E. A., and Stoekart. R (1966) Cancer Ba 2^ 813-^1^ 

35. Hamano. T.. and Asofaky. R (1983) J. Immunol lao, 2027-2032 

36. Hummel, Berry, J. K.. and Xhinnick. W. (1987> J ImtnunoL tS&, 3639- 

3548 

37. Singer. D., Cooper. M., and Maniatis. T. M. (1974) Proc Natl ActuL SeL 

as. A, 71. 2668-2670 

38. Weber. B. L., Westin. E. R. and ClaAe. M. F. (1890) Science 249. 1291-1293 

39. Ralph, P., and Nakouu. L (1977)7. ImmunoL 119, 950-664 

40. Raachke, W. C., Baird, S., Ralph. P.. and Nakolu, L (1978) CtU 16» 261-267 

41. Koren, H. S., Handwerger, B. S., and Wunderlich. J « (1915) J- l^^niuncL 

H4. 894-897 \ 

42. Bradale, T. J., Andrew. M. K.. and Bradale. V. L f ififlll J Exp. ^53, 

910-923 * ^ ' ' 

43. Andrew, M. E.. Bradale, V. and Bradale. T. J (1984) J ImmunoL 132, 

839-844 

44. Solter. D.. and Knowiea, B. B. (1978) Pnc Nati Aaid. Sci. V. S A. 75, 

5566-S569 

45. Fukuahiraa, K, Hirota, M.. Terasaki. P. L, Wakiaaka, A. Togai hi. E>-' 

Suyama, Y.. Pukuahi. Nudelman, E., and Hakoiori 3. Cancer 
Ret. 44, 5279-5286 
4a Chia. D., Teraaaki. P. L, Suyama, N.. GaHon. J., Hirtrta. M., 
(1985) Cancer JUs. 46, 436-437 

47. Mather, B. A.. Buehler, Scudder, P., Knapp. W., and Fein T. Cae»») BioJL 

Chem. 363, 10X86-10191 

48. Streeter. P. R, Rouse, B. T. K.. and Butdier E C (rsMK^ J CM ^*oL 107, 

1853-1862 . 

49. Maniatis, T^ Fritsch. E. and Sambraok, J. (1982) Moieeulor Cloning: A 

Loboraiory Manual, CoM Spring Harbor Laboratory, Cold Sp****^ Harijor, 

60. Gersten, K M. (1995) Isolation and Charttcterization ei Murine ofi — 3) 

Fucoaylirarufkrase Gmm PhJ).Thesia, University ofMidugaa. Ann Azhor, 
Michigan 

61. Sanger.F..Nkdden,S^aadCoulBcn.A.R(1977)i^jVat/ Acoa.^<^U & 

74, 5463-6467 

62. DevBPBux, J., Haebcrti, P., and Smithies. O. (1984) Nuckie ^ 13. 

387^6 

53. Lowe, J. B. (199DSem*n. CW/ fiioZ. 2. 289-307 

64. Stndier, F. W,. Rosenberg. A. H.. Dunn. J. J, and Duberdorff. J- ^- C1990) 

Methods EnzymoL 18S, 60-89 
66. Hariow.E^ and Lane. R {Vm) Anmtodiea: A Lahorotcry Manual, Oold Spring 

Harbor Laboratory, C^old Spring Haitor, NY 

66. Koemer. T. Hill, J. R, Myers. A. M., and TsagoUiffl A. (1»^ AfciAoda 

EnxymoL 194, 477-490 

67. Dugaiciyk, A.. Haron. J. A., Stone. E. Dcnmson. O. B., Bot»i**'«n K. N,. 

and Sdkwarta. R J. (1983) Bioehemittry 21, 1605-1613 

58. Siegdman. BA. H.. van de R^in, Bt., and Weiasman. L L. (1989) S«?wnoe 243. 

1165-1172 

59. Wilkinson, D. O. In Situ Hybridisation: A PraeHcai Apprvach, ™' Press. 

Oxford Univaraify Pnea. Oxford, UK . 
6a EoHik.]il(19B6)GeU44,2B3-^ 

61. Owen, R L. (1977) Gastnmn^rvlogy 72, 440-451 * 

62. Chandraaekaran,RV.,Rhodee,J.M..Jain.RK.,Beniadci.R J-- «ifilMBtta, 

K L. (1994) Biochem. Biophye, Bee. Commun, 201. 78-89 

63. Scudder. P. R,Shaihibhal,R.Diiffla.RUStroeter P n and -^*«>b. G. S. 

(1994) O6«ofcioi£«y 4, 929-933 

64. Cnmsmie. and Roeen. a D. (1995) J. BioL C»«n. 27©, 22614— ^2624 



TOTAL h^AGE. 12 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective, images within this document are accurate representations of the ongmal 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

2^ BJ^CK BORDERS 

El IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAW ING 

Z WED/SLANTED IMAGES 

^OR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LPNES OR MARKS ON ORIGINAL DOCUMENT 

21 REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



